Hybrid incompatibilities are a common correlate of genomic divergence and a 14 potentially important contributor to reproductive isolation. However, we do not yet have 15 a detailed understanding of how hybrid incompatibility loci function and evolve within 16 their native species, or why they are dysfunctional in hybrids. Here, we explore these 17 issues for a well-studied, two-locus hybrid incompatibility between hybrid male sterility 18 1 (hms1) and hybrid male sterility 2 (hms2) in the closely related yellow monkeyflower 19
this incompatibility, suggesting additional mechanisms counteract the effects of gametic 23 sterility. Indeed, our backcross experiment shows hybrid transmission bias toward M. 24 guttatus through both pollen and ovules, an effect that is particularly strong when hms2 is 25 homozygous for M. nasutus alleles. In contrast, we find little evidence for hms1 26 transmission bias in crosses within M. guttatus, providing no indication of selfish 27 evolution at this locus. Although we do not yet have sufficient genetic resolution to 28 determine if hybrid sterility and transmission ratio distortion map to the same loci, our 29 preliminary fine-mapping uncovers a genetically independent hybrid lethality system 30 involving at least two loci linked to hms1. This fine-scale dissection of transmission ratio 31 distortion at hms1 and hms2 provides insight into genomic differentiation between 32 closely related Mimulus species and reveals multiple mechanisms of hybrid dysfunction. is that the initial mutations are selectively neutral and become fixed by random genetic 42 drift. Alternatively, the mutations might increase in frequency because they benefit the 43 native species for reasons that are incidental to their role in reproductive isolation -by 44 promoting ecological adaptation, for example (Schluter and Conte 2009 ). Yet another 45 possibility is that hybrid incompatibilities arise through recurrent bouts of intragenomic 46 conflict within species (Frank 1991; Hurst and Pomiankowski 1991) . In this last scenario, 47 selfish genetic elements (e.g., transposons, meiotic drivers, gamete killers) manipulate 48 host reproduction to bias their own transmission. Because these actions are often 49 detrimental to host fitness, there is then selective pressure for compensatory mutations or 50 suppressors to neutralize the effects of selfish evolution (Burt and Trivers 2006) . 51
The idea that intragenomic conflict involving segregation distorters might be a 52 major source of hybrid incompatibilities has resurged in recent years (Johnson 2010; 53 McDermott and Noor 2010; Presgraves 2010; Crespi and Nosil 2013), largely due to 54 influential studies in Drosophila that have mapped hybrid segregation distortion and 55 hybrid sterility to the same genomic locations (Tao et al. 2001 ; Phadnis and Orr 2009b; 56 5 et al. 2016 ), which might be taken as evidence for pervasive selfish evolution within rice 96 species. However, molecular characterization of these hybrid sterility systems has 97 provided little support for this scenario. For example, the S5 locus causes female sterility 98 in japonica-indica hybrids when gametes carry an incompatible combination of "killer" 99 and "protector" alleles at three, tightly linked genes (Yang et al. 2012 ). The two 100 domesticated subspecies carry null alleles in distinct components of the killer-protector 101 system. Because both derived haplotypes are perfectly compatible with the ancestral 102 haplotype, it seems unlikely that they entailed fitness costs. Although it is conceivable 103 that intragenomic conflict played a role in the initial formation of the S5 haplotype (i.e., 104 the ancestral killer/protector combination might represent a resolved conflict), it does not 105 seem to be the cause of the current reproductive barrier between japonica and indica. 106
Similarly, at the Sa locus, which causes japonica-indica hybrid male sterility, patterns of 107 molecular variation and the prevalence of "neutral" alleles that are compatible in all 108 crosses suggest that hybrid dysfunction may have evolved unopposed by natural selection 109 is not yet clear if these themes are generalizable to other plant systems. 116
Here we investigate patterns of transmission ratio distortion associated with a 117 two-locus hybrid sterility system between the closely related monkeyflower species, 118
Mimulus guttatus and M. nasutus. Previously, we fine-mapped the two incompatibility 119 loci -hybrid male sterility 1 (hms1) and hybrid male sterility 2 (hms2) -to small nuclear 120 genomic regions of ~60 kb each on chromosomes 6 and 13 (Sweigart and Flagel 2015) . 121
We also discovered evidence that the hms1 incompatibility allele is involved in a partial 122 selective sweep within a single population of M. guttatus, but the underlying cause of the 123 sweep is unknown (Sweigart and Flagel 2015) . Additionally, because the hms1 sterility 124 allele is embedded in a nearly invariant, 320-kb haplotype, it is not yet clear whether 125 hms1 or a linked locus is the target of the sweep. This polymorphic hybrid sterility 126 6 system provides a unique opportunity to test directly whether selfish evolution within 127 species can lead to incompatibilities between species. 128
Previously, in crosses between M. guttatus and M. nasutus, we observed 129 transmission ratio distortion (TRD) of genotypes at both hms1 and hms2 (Sweigart et al. 130 2006; Sweigart and Flagel 2015), but the causes have remained unexplored. Additionally, 131 these previous studies did not test directly whether the hms1-hms2 incompatibility acts in 132 the gametophyte or sporophyte, although patterns of F 2 hybrid sterility seemed to suggest 133 the latter. Results from these studies suggested that the incompatibility acts in the diploid 134 sporophyte with the M. guttatus allele at hms1 acting dominantly in combination with 135 recessive M. nasutus alleles at hms2 to cause nearly complete male sterility and partial 136 female sterility (Sweigart et al. 2006) . Consistent with this genetic model, pollen viability 137 is ~20% in F 2 hybrids that are heterozygous for hms1 and homozygous for M. nasutus 138 alleles at hms2 (hms1 GN ; hms2 NN ), much lower than the 50% expected for a strictly 139 gametic hybrid incompatibility (with hms1 G ; hms2 N causing dysfunction). Moreover, 140
because a gametic hybrid incompatibility should cause transmission bias at both 141 interacting loci, we would expect a deficit of M. guttatus alleles at hms1 equal to that of 142 M. nasutus alleles at hms2. Although F 2 hybrids do indeed show a deficit of M. nasutus 143 alleles at hms2, allelic transmission at hms1 follows the Mendelian expectation (Sweigart 144 et al. 2006) . 145
In the current study, we used introgression lines (ILs) and a reciprocal backcross 146 design to distinguish among at least four possibilities for TRD in genomic regions linked 147 to hms1 and hms2: 1) distortion through male gametes due to pollen competition and/or 148 pollen sterility, 2) distortion through female gametes due to female meiotic drive (e.g., 149
(Fishman and Saunders 2008) and/or ovule sterility, 3) TRD through both male and 150 female gametes due to an incompatibility that affects both gametophytes (e.g., (Kubo et 151 al. 2016a ), and 4) distortion caused by selection against zygotes. In a series of crossing 152 experiments, we investigated the mechanism of TRD at hms1 and hms2 and addressed the 153 following specific questions. Is hybrid transmission bias at hms1 and/or hms2 a simple 154 byproduct of gametic hybrid sterility? Is there evidence for hybrid transmission bias at 155 these loci independent of gamete sterility? Are hybrid sterility and TRD genetically 156 incompatible M. nasutus alleles at hms2 display extreme male sterility and partial female 187 sterility (Sweigart et al. 2006 ). Furthermore, the hms1 locus is polymorphic within the 188 8 Iron Mountain population (Sweigart et al. 2007 ) and several inbred lines derived from 189 that site are known to carry "compatible" alleles that do not cause hybrid sterility when 190 crossed to M. nasutus (Sweigart and Flagel 2015) . In experimental crosses to test for 191 TRD at hms1 within M. guttatus, we used a compatible line called IM767. In total, three 192 inbred lines were used in different crossing schemes to test for TRD within and between 193 species (see below). SF5 is compatible at hms1 and incompatible at hms2, IM62 is 194 incompatible at hms1 and compatible at hms2, and IM767 is compatible at hms1 and introgressions in a genome that is expected to be 96.875% homozygous for the recurrent 212 parent's alleles. To determine the genomic locations of the heterozygous introgressed 213 regions, the NILs were genotyped at microsatellite and gene-based markers distributed 214 throughout the genome (L. Fishman, unpublished). We selected three NILs with 215 introgressions spanning hms1 or hms2 for further genetic analyses. Against a largely M. 216 guttatus background, the BG 4 .476 NIL is heterozygous for an introgression that includes 217 hms1 and ~78% of the physical distance along chromosome 6. The BG 4 .149 line is 218 heterozygous for an introgression that spans ~71% of chromosome 13 and includes hms2. 219 9 Against a M. nasutus background, the BN 4 .62 line is heterozygous for ~75% of 220 chromosome 13, including hms2. In addition to these NILs, we used an hms1 221 introgression line, RSB 4 , created after four generations of recurrent selection for hybrid 222 sterility with backcrossing to M. nasutus, starting from a sterile SF5-IM62 BC 1 individual 223 (Sweigart et al. 2006 ); the heterozygous introgression spans ~50% of chromosome 6. 224
To characterize TRD between M. guttatus and M. nasutus, we used a multi-step 225 crossing scheme, starting with the NILs and RSB 4 (described above), to create a set of 226 lines carrying specific two-locus genotypes at hms1 and hms2. First, to generate 227 introgression lines (ILs) that carry heterozygous alleles at both hms1 and hms2 in an 228 otherwise M. guttatus or M. nasutus genetic background, we crossed BG 4 .476 to 229 BG 4 .149, and BN 4 .62 to RSB 4 . From those progeny, we identified hms1-hms2 double 230 heterozygotes by genotyping markers that flank hms1 (M8 and M24) and hms2 (M51 and 231 MgSTS193), as described previously (Sweigart and Flagel 2015) . Next, to generate 232 individuals that carry various two-locus combinations at hms1 and hms2, we self-233 fertilized doubly heterozygous ILs from each genetic background (i.e., IL-G and IL-N = 234 M. guttatus and M. nasutus backgrounds, respectively). These crosses are expected to 235 yield nine different two-locus genotypes each (typical of an F 2 ), five of which are 236 heterozygous at hms1 and/or hms2 (Figure 1) . Surprisingly, one of the relevant IL-N 237 hms1-hms2 genotypes was not recovered (hms1 GG ; hms2 GN , see Figure 1 ); the hms1-238 introgression could not be made homozygous for M. guttatus alleles against an M. 239 nasutus genetic background (see Results). We assessed male fertility (i.e., pollen 240 viability) for the nine experimental IL genotypes (five for IL-G and four for IL-N) as 241 To test the effect of hms1 genotype on transmission at hms2 and vice versa, we 243 reciprocally backcrossed each of the nine ILs to both M. guttatus (IM62) and M. nasutus 244 (SF5) ( Figure 1 ). Thus, for each IL, we generated four reciprocal backcross populations 245 allowing us to dissect gender-specific transmission ratio distortion. For each IL, two of 246 the backcrosses used the emasculated IL as the seed parent in crosses to IM62 and SF5 247 lines (i.e., IL-IM62 and IL-SF5) and two used the IL as the pollen parent in crosses to 248 emasculated IM62 and SF5 plants (i.e., IM62-IL, and SF-IL). If hms distortion occurs 249 through pollen (due to pollen competition or a gametic incompatibility), we expect TRD 250 10 in one or both of the backcrosses using the IL as the paternal parent, but not as the 251 maternal parent. If, instead, female meiotic drive and/or a female gametic incompatibility 252 occurs at these hms loci, we would expect to see TRD in both backcrosses with the IL as 253 the seed parent, but not with the IL as the pollen parent. Finally, if TRD is caused by the 254 loss of diploid zygotes (or seedlings), it should be apparent in both reciprocal crosses to 255 the same recurrent parent (i.e., regardless of the gender of the IL). For all crosses, the 256 female parent was emasculated 1-2 days before hand-pollination to prevent self-257 pollination. Sample sizes for the progeny classes ranged from 33 to 215 individuals 258
For each hms locus, we performed factorial ANOVAs in Jmp Pro 13.0 to examine 260 if genotype ratios were affected by four factors: 1) IL genetic background, 2) IL genotype 261 at the interacting hms locus, 3) backcross direction, and 4) identity of the recurrent 262 parent. 263 264
Crossing design to examine transmission ratio distortion within M. guttatus 265
To determine whether transmission ratio distortion at the polymorphic hms1 266 incompatibility locus occurs between incompatible and compatible alleles from the Iron 267
Mountain population of M. guttatus, we generated reciprocal F 2 and backcrossed 268 populations with IM62 and IM767. We previously determined that the IM767 inbred line 269 carries a compatible allele at hms1 (i.e., one that does not carry the 320-kb haplotype or 270 cause sterility in combination with SF5 alleles at hms2). The IM62 and IM767 inbred 271 lines were intercrossed reciprocally and a single F 1 hybrid from each was self-fertilized to 272 form reciprocal F 2 populations (IM62 x IM767: N = 267; IM767 x IM62: N = 315). To 273 identify putative female-and male-specific sources of TRD, and to distinguish between 274 meiotic/gametic mechanisms versus zygotic selection, we generated reciprocal 275 backcrosses with IM62 and IM767. We used a single F 1 hybrid (IM62 x 767; maternal 276 parent listed first) to generate four backcross populations to the recurrent parents (F 1 -277 IM62 BC 1 , IM62-F 1 BC 1 , F 1 -IM767 BC 1 , IM767-F 1 BC 1 ). Two of these backcrosses used 278 the emasculated F 1 as the seed parent and two used the F 1 as the pollen donor in crosses 279 to the emasculated recurrent parents. 280 11 We also wanted to examine the effect of M. nasutus hms2 alleles on patterns of 281 within-M. guttatus TRD at hms1. We wondered if having M. nasutus alleles at hms2 has 282 the potential to unleash severe distortion at hms1, even in an otherwise M. guttatus 283 genetic background. To address this question, we intercrossed IM767 with a BG 4 -NIL 284 (BG 4 .275) that is heterozygous for an SF5 introgression spanning ~36% of chromosome 285 13 including hms2 (in an IM62 genetic background; Figure S2 ). We self-fertilized two of 286 the resulting F 1 s to generate F 2 hybrids segregating for SF5 alleles at hms2 against an 287 IM62-IM767 F 2 -like genetic background. We then genotyped at hms-linked markers 288 (M183 for hms1 and MgSTS193 for hms2) to identify IM62-IM767 hms1 heterozygotes 289 in combination with three different hms2 genotypes: 1) IM62 homozygotes, 2) IM767 290 homozygotes, or 3) SF5 homozygotes. Using each of these three genotypic classes, we 291 performed reciprocal backcrosses to IM767 ( Figure S2 ). 292 293
Assessment of transmission ratio distortion 294
To examine patterns of TRD at the hms1 and hms2 loci, we collected leaf tissue from markers, genotyping error rates for hms1 and hms2 were each < 1%. For experimental 303 crosses involving IM62 and IM767, only one tightly linked marker was used to infer 304 genotype at hms1 (M183). Based on expected crossovers between hms1 and M183, the 305 genotyping error rate was < 1%. All fluorescently labeled marker products were run on 306 an ABI 3730 at the University of Georgia Genomics Facility. Genotypes were scored 307 automatically using GeneMarker (SoftGenetics), with additional hand scoring when 308 necessary. We used chi-square tests with two degrees of freedom to determine if hms-309 linked genotypes were significantly distorted. Sweigart and Flagel 2015), we observed significant transmission ratio distortion (TRD) in 319 F 2 genotypes at both hybrid sterility loci (Table 1) . At hms1, we observed a significant 320 excess of heterozygotes, but allelic transmission did not differ from the Mendelian 321 expectation. The observed genotype ratios at hms1 also differed significantly from the 322 expectation given the random union of two gametes with the observed allele frequencies. 323
At hms2, we observed an excess of M. guttatus homozygotes and a deficit of M. nasutus 324 homozygous genotypes, as well as a significant bias toward M. guttatus alleles. However, 325 genotype ratios at hms2 do not differ from what is expected given the observed allele 326 frequencies. Taken together, these patterns suggest TRD at hms1 might be driven 327 primarily by zygotic selection, whereas hms2 appears to be influenced primarily by 328 selection among gametes. 329
When considered together, the two-locus genotypes at hms1 and hms2 differ 330 significantly from the Mendelian expectation (X 2 = 389.372, d.f. = 8, P < 0.0001, N = 331 5487). Although the two-locus genotypes are also significantly different from the 332 expectation given the observed allele frequencies at hms1 and hms2 shown in Table 1 (X 2 333 = 71.626, d.f. = 8, P <0.0001), the values are much more closely aligned (Table 2) . 334
Particularly notable is the deficit of two genotypic classes (hms1 GG ; hms2 NN and hms1 NN ; 335 hms2 GG ) and the excess of two others (hms1 GG ; hms2 GG and hms1 NN ; hms2 NN ; Table 2) . 336
This pattern of two-locus disequilibrium follows the expectation for gametic action of 337 hms1-2 sterility (i.e., with hms1 G ; hms2 N gametes tending to be sterile). However, the 338 observed F 2 transmission ratios at hms1 and hms2 cannot be entirely explained by hms1 G ; 339 hms2 N gametic sterility (Table S1 ). This phenomenon, whether acting through one or 340 both parents, would be expected to reduce the transmission of M. guttatus alleles at hms1, 341
in the same way that it reduces M. nasutus alleles at hms2. However, there is no 342 13 indication of allelic transmission bias at hms1 in the F 2 hybrids. Taken together, these 343 results suggest that gametic expression of the hms1-hms2 incompatibility is important, 344 but not the sole contributor, to patterns of transmission ratio distortion in F 2 hybrids. 345
346

M. nasutus-M. guttatus IL crosses reveal multiple causes of F 2 distortion 347
To investigate several possible causes of F 2 transmission ratio distortion at hms1 and 348 hms2, we performed a crossing experiment using the IL-G and IL-Ns. In this crossing 349 design (Figure 1 ), individuals with one of several possible two-locus hms1-hms2 350 genotypes -in each of the IL genetic backgrounds -were crossed reciprocally to M. 351 guttatus (IM62) and M. nasutus (SF5). By scoring hms1 and hms2 genotypes in the 352 progeny of these crosses, we were able to examine the effects of several factors, 353
including parental genotype, genetic background, and cross direction, on transmission 354 ratios at the two hybrid sterility loci. Of the 36 crosses performed, 12 showed significant 355 transmission ratio distortion at hms1 and/or hms2 (Table 3 ; note that two crosses were 356 unsuccessful due to hybrid male sterility). For both hms1 and hms2, parental genotype at 357 one locus has a strong effect on allelic transmission at the other (hms1 affects hms2: F = 358 37.69, P < 0.0001; hms2 affects hms1: F = 7.80, P = 0.004; Figure S1 ). For hms2, cross 359 direction is also important, with stronger TRD occurring through pollen (F = 72.33, P < 360 0.0001). Neither the genetic background nor the identity of the recurrent parent 361 significantly affected transmission ratios at hms1 or hms2 (results not shown). 362
The pattern of TRD at hms2 follows what is expected if hybrid sterility acts 363 through gametes. For example, if pollen grains are inviable when they carry M. guttatus 364 alleles at hms1 in combination with M. nasutus alleles at hms2, the effect of hms1 365 paternal genotype on TRD at hms2 should be additive. Indeed, progeny from males that 366 carry one or two M. guttatus alleles at hms1 show a 28% or 76% under-transmission of 367 M. nasutus alleles at hms2 relative to the Mendelian expectation ( Figure S1 ). Consistent 368 with the action of a gametic incompatibility, backcross progeny of doubly heterozygous 369 IL parents (i.e., hms1 GN ; hms2 GN ) are much less likely to come from gametes with an M. 370 guttatus allele at hms1 in combination with an M. nasutus allele at hms2 (Table 4 ). In 371 these crosses, the hms1 G ; hms2 N gamete type is under-transmitted through both sexes, 372 14 though the effect is stronger through males. Under-transmission is also more severe in 373 crosses to IM62 (M. guttatus) and against the IL-N genetic background (Table S2) . 374
If the hms1-hms2 incompatibility acts through gametes, we might expect patterns 375 of pollen viability to predict rates of transmission ratio distortion through males. To 376 examine this possibility, we measured pollen viability in various two-locus genotypes of 377 the IL-G and IL-Ns (Table 5 ). In general, patterns of male fertility and transmission ratio 378 distortion are indeed related. For example, pollen viability is 64% in IL-Gs that are 379 hms1 GG ; hms2 GN . For this genotype, if we assume equal transmission of M. guttatus and 380 M. nasutus alleles into pollen and attribute all sterility to hms1 G ; hms2 N , then the M. 381 guttatus allele at hms2 should be present in 78% of progeny when this individual is used 382 as the paternal parent in a cross (which is close to the observed frequency of 86%, Table  383 3). Similarly, for IL-Gs that are hms1 GN ; hms2 GN , if we assume that all hms1 G ; hms2 N 384 gametes are inviable (and divide the remaining 7% sterility equally among the other three 385 two-locus genotypes), we expect M. guttatus allele frequencies of 33% and 66% at hms1 386 and hms2, respectively. These values are very similar to what we observe when this IL-G 387 genotype is backcrossed to M. guttatus (37% and 67%, Table 3) . 388
At hms1, TRD is more complex. On the one hand, M. guttatus alleles at hms1 are 389 under-transmitted due to the hms1 G ; hms2 N gametic sterility discussed above (Table S2) . 390
On the other hand, in many of the IL-backcrosses, M. guttatus alleles at hms1 are 391 overrepresented among the progeny (Tables 2 and 2.1). This effect is most pronounced 392 when the IL parent is heterozygous at hms1 and homozygous for M. nasutus alleles at 393 hms2 ( Figure S1 ; note that this genotype is not completely sterile so crosses can still be 394 performed). Remarkably, this direction of TRD is exactly the opposite of what is 395 expected if hms1 transmission is primarily influenced by the hms1 G ; hms2 N gametic 396 incompatibility. Moreover, pollen viability in IL-G and IL-Ns with the genotype hms1 GN ; 397 hms2 NN is much lower than the 50% expected for gametic expression of hybrid male 398 sterility (Table 5) , consistent with over-transmission of M. guttatus hms1 alleles into 399 pollen. Note that if these two TRD mechanisms -hms1 G ; hms2 N gamete sterility and 400 over-transmission of M. guttatus hms1 alleles -counteract each other in F 1 hybrids and in 401 doubly heterozygous ILs, it could explain why their progeny carry hms1 alleles in 402 roughly Mendelian proportions (Table 2, Figure S1 ). Consistent with this idea, backcross 403 15 progeny of doubly heterozygous ILs are most often products of the hms1 G ; hms2 G gamete 404 type (Table 4) . 405
Additionally, a genetically distinct hybrid incompatibility appears to affect 406 transmission of hms1 against an M. nasutus genetic background. Self-fertilization of a 407 doubly heterozygous IL-N individual produces no M. guttatus homozygotes at the hms1 408 locus (Table 2) , a genotype expected to appear in a quarter of the progeny (IL-N F 2 N = 409 200, expected frequency = 50). When instead this same doubly heterozygous IL-N 410 genotype is crossed to IM62 (in either direction), progeny homozygous for M. guttatus 411 alleles at hms1 are recovered ( Table S3 ). Note that selfing the doubly heterozygous IL-N 412 produces offspring with isogenic M. nasutus genetic backgrounds, whereas the backcross 413 to IM62 results in progeny with genetic backgrounds that are F 1 -like. Taken together, 414 these results suggest that the hms1 region is involved in yet another hybrid 415 incompatibility. This one causes lethality in hybrids that are homozygous for M. guttatus 416 alleles at hms1 (or linked loci) and homozygous for M. nasutus alleles at one or more 417 unlinked loci. 418
By scoring genotype frequencies in the progeny of reciprocal backcrosses 419 involving the doubly heterozygous ILs (hms1 GN ; hms2 GN ), it is possible to track which 420 two-locus hms1-2 meiotic products are transmitted through pollen and ovules. If we use 421 these observed two-locus gametic allele frequencies (instead of assuming equal 422 proportions of the four two-locus gamete types) to calculate expected genotype 423 frequencies in the selfed progeny of doubly heterozygous ILs (i.e., IL-F 2 populations), the 424 resulting values do not significantly differ from observed proportions ( Table 2, Table 4 ). 425
To fully account for observed genotype frequencies in the IL-N F 2 , it is also necessary to 426 assume complete lethality of M. guttatus homozygotes at hms1 (Table 2; note that this 427 hybrid lethality is not reflected in IL backcross allele frequencies because progeny do not 428 carry the requisite M. nasutus genetic background for expression of the incompatibility). 429
In summary, we have identified at least three sources of hms1-hms2 TRD in M. In previous (Sweigart and Flagel 2015) and ongoing efforts to fine-map hms1 and hms2, 440
we identified a small subset of SF5-IM62 F 2 hybrids that were recombinant for one or 441 both sets of hms flanking markers. With the goal of genetically mapping TRD in both 442 regions, we self-fertilized these recombinants to generate F 3 progeny and examined 443 genotype frequencies at both sets of flanking markers (Figures 3 and 4) . We reasoned that 444 TRD in the F 3 progeny should only be observable if the causal locus is heterozygous in 445 the F 2 parent. If, instead, the TRD-causing locus is homozygous (for either M. guttatus or 446 M. nasutus alleles), loci in the adjacent heterozygous region should segregate in a 447
Mendelian fashion. 448
As in the IL crosses, patterns of hms2-linked TRD were consistent with the action 449 of hms1 G ; hms2 N gametic sterility. In this genomic region, the most extreme TRD 450 occurred in the two F 3 families that descended from F 2 hybrids with the hms1 GG ; hms2 GN 451 genotype ( Figure 2 ). Despite this general support for hms1-hms2 gametic sterility, hms2-452 linked TRD could not be unambiguously mapped to a particular genomic region (no 453 interval in Figure 2 is perfectly associated with presence/absence of TRD). Presumably, 454 genetic background in these F 2 hybrids can mask TRD associated with hms1 G ; hms2 N 455 gametic sterility (e.g., 28_22) or mimic it (e.g., 02_66). 456
At hms1, the two contributors to TRD were decoupled in F 2 recombinants with M. 457 guttatus homozygotes overrepresented in some F 3 families and underrepresented in others 458 ( Figure 3) . As with the IL experiments, the most significant over-transmission of M. 459 guttatus alleles at hms1 appears in the progeny of F 2 hybrids that are homozygous for M. 460 nasutus alleles at hms2 (Figure 3 , first two F 2 s). This TRD phenotype maps to an 800-kb 461 region that includes hms1, but we have too few recombinants to determine if the hybrid 462 TRD phenotype is genetically separable from hybrid sterility. For a distinct set of hms1 463 F 2 recombinants, we observed a severe deficit of M. guttatus homozygotes among their 464 F 3 progeny (Figure 3 , last six F 2 individuals), consistent with the expression of hybrid 465 lethality as seen in the IL experiments. This TRD phenotype maps to at least two 466 independent loci in the hms1 region and is not affected by hms2 genotype, suggesting a 467 distinct genetic basis for this hybrid incompatibility. 468 469 TRD at hms1 within M. guttatus 470
To investigate whether hms1-linked TRD is a strictly hybrid phenomenon or also occurs 471 within M. guttatus, we generated reciprocal F 2 progeny between IM62 and IM767. These 472 two inbred lines carry distinct alleles at hms1 and show very different patterns of 473 variation in the surrounding genomic region. The IM62 line carries an incompatible, 474 hybrid sterility-causing hms1 allele embedded within a distinctive, 320-kb haplotype, 475
whereas IM767 carries a compatible (i.e., non-sterility causing) allele at hms1 and typical 476 levels of nucleotide variation in the region (Sweigart and Flagel 2015) . Because genotype 477 frequencies at hms1 did not differ significantly between reciprocal F 2 populations (data 478 not shown), we pooled data from both directions of the cross. We observed modest, but 479 significant TRD at hms1 with an excess of IM62 homozygotes (frequency of IM62 480 homozygotes to heterozygotes to IM767 homozygotes: expected 0.25:0.5:0.25, observed 481 00.27:0.54:0.19, X 2 = 6.479, d.f. = 2, P = 0.0027, N = 582). However, the bias in allelic 482 transmission toward IM62 was not significant (frequency of IM62:IM767 alleles: 483 expected 0.5:0.5, observed 0.54:0.46, X 2 = 0.151, d.f. = 1, P < 0.151, N = 582) and 484 genotype frequencies did not significantly differ from the expectation given the allele 485 frequencies (X 2 = 2.025, d.f. = 2, P = 2.025, N = 582). To further investigate the 486 mechanism of hms1-linked TRD, we performed reciprocal backcrosses using IM62 and 487 IM767. However, unlike in the IM62-IM767 F 2 hybrids, all four backcross populations 488 exhibited nearly perfect Mendelian ratios (expected 0.50:0.50; F 1 x IM62 = 0.50:0.50, N 489 = 279; F 1 x IM767 = 0.50:0.50, N = 281; IM62 x F 1 = 0.51:0.49, N = 189; IM767 x F 1 = 490 0.49:0.51, N = 188). These results suggest there is little to no transmission bias favoring 491 the hms1 incompatibility allele or the associated 320-kb haplotype within the Iron 492
Mountain population. 493
Finally, we wanted to investigate if the presence of M. nasutus alleles at hms2 494 increases the transmission bias of IM62 at hms1 -even in an otherwise M. guttatus 495 genetic background. To address this question, we examined genotype frequencies in the 496 18 reciprocal backcross progeny of individuals that were heterozygous IM62/IM767 at hms1 497 and segregating for an M. nasutus introgression at hms2 (against an otherwise IM62-498 IM767 F 2 genetic background; Figure S2 ). Indeed, extreme TRD at hms1 (i.e., bias 499 toward the IM62 allele > 70%) was only observed in the backcross progeny of one 500 individual (08_60) that was also homozygous for M. nasutus alleles at hms2 (Table 6) . 501
These results suggest that over-transmission of the IM62 allele at hms1, which appears to 502 require M. nasutus alleles at hms2, may occur exclusively in hybrids. itself. However, the effects of the gametic hybrid sterility are partially obscured by an 514 opposing (and currently unknown) mechanism that results in over-transmission of the M. 515 guttatus hms1 incompatibility allele in certain hybrid genetic backgrounds. In addition, 516 our genetic analyses uncovered an independent hybrid lethality system with at least two 517 incompatibility loci tightly linked to hms1. Strikingly, we found no evidence of biased 518 transmission of the hms1 incompatibility allele within M. guttatus, providing little 519 support for selfish evolution as the cause of a recent, partial sweep at hms1 (Sweigart and 520
Flagel 2015). Instead, it appears that TRD at hms1 and hms2 might occur exclusively in 521 hybrids. 522 523
Gametic action of hms1-hms2 hybrid incompatibility 524
Our finding that the hms1 G ; hms2 N gamete type is severely under-transmitted in six of the 525 eight backcrosses involving doubly heterozygous ILs (hms1 GN ; hms2 GN ) is strong 526 evidence of gametic action of the incompatibility. This result runs counter to our previous 527 19 interpretation of the finding that pollen viability is reduced from the F 1 to F 2 generation, 528 which seemed to suggest a diploid (sporophytic) genetic basis for the hms1-hms2 529 incompatibility (Sweigart et al. 2006 ). In general, for a hybrid incompatibility that affects 530 the gametophyte, sterility is expected to be less severe in the F 2 generation due to the 531 inviability of recombinant F 1 gametes and regeneration of parental combinations. 532
However, in this case, it appears that removal of hms1 G ; hms2 N F 1 gametes is somewhat 533 balanced by over-transmission of M. guttatus alleles at hms1. Moreover, incomplete 534 penetrance of F 1 hybrid gametic sterility (i.e., some hms1 G ; hms2 N gametes do contribute 535 to the F 2 generation, see Table 4 ) produces a small fraction of F 2 hybrids that are 536 completely sterile because they are homozygous for incompatible alleles (i.e., hms1 GG ; 537 hms2 NN ). 538
As an independent line of evidence for gametic expression of the hms1-hms2 539 incompatibility, it is apparently difficult to introgress M. nasutus hms2 alleles into an M. to result from a two-locus hybrid incompatibility between any genes expressed in the 560 gametophyte. Additionally, the fact that the hms1-hms2 incompatibility seems to affect 561 both the male and female gametophyte (the hms1 G ; hms2 N gamete type is under-562 transmitted through both sexes) is consistent with our finding that these loci contribute to 563 both hybrid male sterility and hybrid female sterility (Sweigart et al. 2006 ). Gametic 564 hybrid incompatibilities that affect the fertility of both sexes have also been discovered in and japonica, fine-mapping revealed two tightly linked genes involved in independent 577 two-locus pollen killer systems (Kubo et al. 2016b ). Because of this tight linkage, pollen 578 killing had initially appeared to be caused by a single, three-locus interaction (Kubo et al. 579 2008) . Remarkably, both of these pollen killer systems involve interactions between 580 sporophytic and gametophytic genes, as well as additional modifier loci (Kubo et al. 581 2016b). The picture emerging from such studies is one of hybrid sterility regulated by 582 multiple, interconnected molecular networks, potentially involving many genes. 583
A key question for hms1 and hms2 is whether the same genes cause the gametic 584 incompatibility and transmission bias of M. guttatus at hms1. The latter is particularly 585 strong when hms2 is homozygous for M. nasutus alleles (Table 3, Figure S1 ), suggesting 586 it might be caused by an interaction between the two loci. Additionally, the presence of 587 hms2 NN also appeared to unleash severe hms1 TRD in one of the two IM62-IM767 F 2 588 populations in which it was present (Table 6 ), suggesting hms2 might be necessary but 589 . PV is the average of two flowers and the number in parentheses is the standard error. At hms1, all F 2 individuals used were heterozygous for IM62 and IM767 alleles; at hms2, individuals used were homozygous for IM62, IM767, or SF alleles (see text for details).
2 Percent IM62 alleles at hms1 transmitted to progeny from IM62-IM767 heterozygous parent. Value given in parentheses is the number of progeny assessed.
* P < 0.05, ** P < 0.01, *** P < 0.005, **** P < 0.0001 based on X 2 tests of observed genotype frequencies versus the Mendelian expectation. Table S2 . The severity of under-transmission of hms1 G ; hms2 N gametes (measured as the deviation from the Mendelian expectation of 0.25) in IL-backcrosses is affected by genetic background, cross direction, and identity of the recurrent parent. 
